AD-779  548 


6300  A  INTENSITY  VARIATIONS  PRODUCED 
BY  THE  ARECIBO  IONOSPHERIC  MODIFICATION 
EXPERIMENTS 

Dwight  P.  Sipler  ,  et  al 

Pittsburgh  University 


Prepared  for: 


Army  Research  Of f ice- Du rh am 
Advanced  Research  Projects  Agency 
National  Science  Foundation 


May  1974 


DISTRIBUTED  BY: 

National  Tachmcal  Information  Service 
U.  S.  DEPARTMENT  OF  COMMERCE 

5285  Port  Royal  Road,  Springfield  Va.  22151 


UNCLASSIFIED 
Security.  CJaaaification 


— _ [  /&>.  77? 

DOCUMENT  CONTROL  DATA  •  R&D 


(lac urity  claaalttcattan  ol  lllta,  body  o t  abalracl  and  Indaalne  annotation  mtiat  6 a  antarad  whan  tha  ora  rail  taport  la  elaaaittad) 


I-  ONIOINATIKO  ACTIVITY  (Corporala  author) 

2a.  NC60NY  SECURITY  C  L  A«»)  riC  A  TfON 

Unclassified 

University  of  Pittsburgh 

Pittsburgh,  Pa.  15260 

26  SNOOP 

I  J.  REPORT  TITLE  | 

63OQI  INTENSITY  VARIATIONS  PRODUCED  BY  THE  ARECIBO  IONOSPHERIC  MODIFICATION 
EXPERIMESfTS 

4-  DESCRIPTIVE  MOTH  (Type  ot  report  and  Inckialva  daft) 

Scientific  paper  «  issued  May  1974 

£  AUTHONfS;  (Laat  nama.  Krat  Hama.  ttSlioO  __________ 


Dwight  P.  Sipler,  E.  n.m.i. 

REPORT  DATE 

_ May  1974 _ 

•  «.  CONTRACT  ON  ON  ANT  NO. 

DA-HC0-473-C0037 

6.  PROJECT  NO. 

P-11427-P 

°  ARPA  Order  826,  Am.  11 

d. 

10  AVAIL  ABILITY /LIMITATION  NOTICES 


Ehemark,  and  Manfred  A.  Biondi 


7 a.  TOTAL  NO.  OF  PAGES 


9Je 


76.  NO  OF  NCFS 

14 


»«.  ONIOINATON’S  NCPON7  Nl/WIICNfSJ 

AFP-46 


•  J^TjTEN^Nj.'iONT  noCS;  (Any  o that  nunbara  dial  may  ba  aaalgnad 

!  RCC  No.  203 


Approved  for  public  release;  distribution  unlimited. 


11-  SUPPLEMENTARY  NOTH 

MONITORED  BY: 

U. S.  Army  Research  Office-Durham 

13-  ABSTRACT  ~ 


!*•  SPONSONINO  MILITARY  ACTIVITY 

Advanced  Research  Projects  Agency 
1400  Wilson  Blvd. 

Arlington,  Va.  22209 


Nightglow  63OOA  intensity  suppression  and  enhancement  transients  have  been 
observed  in  conjunction  with  heating  of  the  F  region  ionospheric  electrons  in  Arecibo 
Ionospheric  Modification  Experiments  (i.M.E. ).  Ohmic  heating  of  the  electrons  during 
X-mode  propagation  of  the  heating  wave  results  in  a  ~  1.3$  suppression  of  intensity, 
in  semi -quantitative  agreement  with  the  suppression  predicted  for  ATe  **•  130  K  (mea¬ 
sured  by  the  backscatter  radar).  The  6300A  intensity  enhancements  (~  6r)  associated 
with  0-mode  propagation  of  the  heating  wave  are  far  too  large  to  be  produced  by  ohmic 
heating  (a  value  ATe  ~  900  k),  about  5  times  larger  than  the  backscatter  measured 
value,  would  be  required),  suggesting  electron  acceleration  by  strong  plasma  waves 
generated  by  the  heating  rf  wave.  The  O'^D)  lifetimes  determined  from  the  time 
constants  of  the  6300A  intensity  enhancement  transients  yield  an  F  region  quenching 
coefficient  k(Nj>)  =**6  to  8  x  10“H  cm3/sec,  in  good  agreement  with  the  Platteville 
I.M.E.  and  with  laboratory  results.  (U) 


"NATION A!  TFCHNIOAI 
INFORMATION  SERVTE 

U  S  Oep*i,,***o«t  of  t rt— 'T  »>*r  t 
VA  pJSS 


DD 


FOR* 

t  JAN  64 


1473 


UNCLASSIFIED _ 

Security  Classification 


Security  Classification 


KEY  WORDS 


Ionospheric  Modification  Experiment  -  (Arecibo) 
63OOA  nightglow  intensity 
Intensity  suppression  and  enhancement 
F  region 

Spatial  scanning  photometer 
0(1D)  quenching 


INSTRUCTIONS 


t.  ORIGINATING  ACTIVITY:  Enter  the  name  ».vt  add re** 
of  the  contractor,  eubcontrector,  grantee.  Department  of  De¬ 
fence  activity  or  other  organization  (corporate  author)  laming 
the  report, 

2a.  REPORT  SECURITY  CLASSIFICATION:  Enter  the  over¬ 
all  aecurity  clascification  of  the  report,  indicate  whether 
“Restricted  Data"  is  included.  Marking  is  to  be  in  accord¬ 
ance  with  appropriate  security  regulations. 

2b.  GROUP:  Automatic  downgrading  is  specified  in  DoD  Di¬ 
rective  5200.10  and  Armed  Forces  Industrial  Manual.  Enter 
the  group  number.  Also,  when  applicable,  show  that  optional 
markings  have  been  used  for  Group  3  and  Group  4  as  author¬ 
ized. 

3.  REPORT  TITLE:  Enter  the  complete  report  title  in  all 
capital  letters.  Titles  in  all  cases  should  be  unclassified. 

If  a  meaningful  title  cannot  be  selected  without  classifica¬ 
tion.  show  title  classification  in  all  capitals  in  pirenthesis 
immediately  following  the  title. 

4.  DESCRIPTIVE  NOTES:  If  appropriate,  enter  the  type  of 
report,  e.g.,  interim,  progress,  summary,  annual,  or  final. 

Give  the  inclusive  dates  when  a  specific  reporting  period  is 
covered. 

5.  AUTHOR(S):  Enter  the  nstnefs)  of  authoKs)  as  shown  on 
or  in  the  report.  Entet  last  name,  first  name,  middle  initial. 

If  military,  show  rank  end  branch  of  service.  The  name  of 
the  principal  author  is  an  absolute  minimum  requirement. 

6.  REPORT  DATE:  Enter  the  date  of  the  report  as  day, 
month,  year,  or  month,  year.  If  more  then  one  date  appears 
on  the  report,  use  date  of  publication. 

7 a.  TOTAL  NUMBER  OF  PAGES:  The  total  page  count 
ahould  follow  normal  pagination  procedure*,  be.,  enter  the 
number  of  pages  containing  information. 

76.  NUMBER  OF  REFERENCES:  Enter  the  tutai  number  of 
rcfcrcncea  cited  in  the  report. 

8a.  CONTRACT  OR  GRANT  NUMBER:  If  impropriate,  enter 
the  applicable  number  of  the  contract  or  grant  under  which 
the  report  was  written. 

86,  «fc,  &  8d.  PROJECT  NUMOER:  Enter  the  appropriate 
military  department  identification,  auch  aa  project  number, 
aubproject  number,  system  numbers,  task  number,  etc. 

9a.  ORIGINATOR'S  REPORT  HUMBER(S):  Enter  the  olfi- 
cial  report  number  by  which  the  document  will  be  identified 
and  controlled  by  the  originating  activity.  This  number  must 
he  unique  to  this  report. 

96.  OTHER  REPORT  NUMBEH(S):  If  the  report  hat  been 
assigned  any  other  report  numbers  (either  by  the  originator 
or  by  the  eponaor),  alto  enter  this  numbers). 

10.  AVAIL AB1LITY/L1MITATION  NOTICES:  Enter  any  lim¬ 
itations  on  further  dissemination  of  the  report,  other  than  those 


imposed  by  security  classification,  using  standard  statements 
such  ss: 

(1)  “Qualified  requesters  may  obtain  copies  of  this 
report  from  DDC" 

(2)  "Foreign  announcement  und  dissemination  of  thia 
report  by  DDC  la  not  authorized.  ” 

(3)  "U.  r.  Government  agencies  may  obtain  copies  of 
this  report  directly  from  DDC.  Other  qualified  DDC 
users  skull  request  through 


(4)  "U.  S.  military  agencies  may  obtain  copice  of  this 

report  directly  from  DDC  Other  qualified  users 
shall  request  through 


(5)  "All  distribution  of  this  report  is  controlled.  Qual¬ 
ified  DDC  users  shall  request  through 


If  the  report  has  been  furnished  to  the  Office  of  Technical 
Services,  Department  of  Commerce,  for  sale  to  the  public,  indi¬ 
cate  this  fact  and  enter  the  price,  if  known. 

It.  SUPPLEMENTARY  NOTES:  Uae  for  additional  eapl ana- 
lory,  notes. 

12.  SPONSORING  MILITARY  ACTIVITY:  Enter  the  name  of 
the  departmental  project  office  or  laboratory  sponsoring  (pay- 
In $  for)  the  research  and  development.  Include  address. 

13  ABSTRACT:  Enter  an  abstract  gt.ing  a  brief  and  fectual 
Summary  of  the  document  indicative  of  the  report,  even  though 
It  may  also  appear  elsewhere  in  the  body  of  the  technical  re¬ 
port.  If  additions!  space  is  required,  a  continuation  sheet  shall 
be  attached. 

It  is  highly  desirable  that  the  abstract  of  classified  reports 
be  unclassified.  Each  paragraph  of  the  sbatrset  shall  end  with 
an  indication  of  the  military  security  classification  of  the  in 
formation  in  the  paragraph,  represented  as  <TS)  (Sj,  < Cl .  o*  * f '  1 

There  is  no  limitation  on  the  length  of  the  abstract  How 
ever,  the  suggested  length  is  from  ISO  to  225  words 

14  KEY  WORDS:  Key  words  are  technically  meaningful  terms 
or  short  phrases  that  characterize  a  report  and  may  be  used  as 
•ndex  entries  for  cataloging  the  report.  Key  words  must  be 
selected  so  that  no  security  1  lussifu  atlon  is  required  ldenti 
tiers,  such  es  equipment  model  designation,  trade  name,  military 
project  code  name,  geographic  location,  may  be  used  ss  key 
words  but  will  be  followed  by  un  indication  of  technical  con 
text.  The  assignment  of  links,  rules,  and  weights  is  optional 


unclassified 


Security  Classification 


APP-46 


/// 

63OOA  Intensity  Variations  Produced  by  the  Arecibo 
Ionospheric  Modification  Experiments 


Dwight  P,  Sipler,  E.  Eneroark,  and  Manfred  A.  Biondi 
Physics  Department 

University  of  Pittsburgh,  Pittsburgh,  Pennsylvania  15260 
(Journal  of  Geophysical  Research) 


Sponsored  by 

Advanced  Re>"  -jarch  Projects  Agency 
ARPA  Order  No.  826 
Contract  No.  DA-HC0-473-C0037 
(Monitored  by:  U.S.  Army  Research  Office) 

and 

National  Science  Foundation 
Atmospheric  Sciences  Section 
Grant  GA-37744X 


Approved  for  public  release: 
distribution  unlimited 


May  1974 


Ihe  views  and  conclusions  contained  in  this  document  are  those  of  the 
authors  and  should  not  be  interpreted  as  necessarily  representing  the 
official  policies,  either  expressed  or  implied,  of  the  Advanced  Research 
Projects  Agency  or  the  U.  S.  Government. 


Dwight  P.  Sipler,  E.  Enemark*  and  Manfred  A.  Biondi 
Department  of  Physics,  University  of  Pittsburgh 
Pittsburgh,  Pennsylvania  1526(5 

Abstract 

Nightglow  6300A  intensity  suppression  and  enhancement  transients  have 

been  observed  in  conjunction  with  heating  of  the  F  region  ionospheric  electrons 

in  Arecibo  Ionospheric  Modification  Experiments  (I.M.E.).  Ohmic  heating  of  the 

electrons  during  X-mode  propagation  of  the  heating  wave  results  in  a  ~  1.3% 

suppression  of  intensity,  in  semi -quantitative  agreement  with  the  suppression 

© 

predicted  for  ATe  **•  130  K  (measured  by  the  backscatter  radar) .  The  6300A 
intensity  enhancements  (~  6r)  associated  with  O-mode  propagation  of  the  heating 
wave  are  far  too  large  to  be  produced  by  ohmic  heating  (a  value  ATe  ~  900  K, 
about  5  times  larger  than  the  backscatter  measured  value,  would  be  required), 
suggesting  electron  acceleration  by  strong  plasma  waves  generated  by  the 
heating  rf  wave.  The  0(1d)  lifetimes  determined  from  the  time  constants  of  the 
630OA  intensity  enhancement  transients  yield  an  F-region  quenching  coefficient 
k(Nj>)  =“6  to  8  x  10“ cm^/sec,  in  good  agreement  with  the  Platteville  I.M.E. 
and  with  laboratory  results. 
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Introduction 


Modification  of  the  earth's  ionospheric  F  region  by  the  absorption 
of  energy  from  powerful  ground-based  transmitters  [Utlaut,  1970]  has  been 
detected,  in  part,  by  means  of  optical  experiments  which  monitor  induced 
changes  in  the  nightglow  01  6300A  and  5577A  intensities  [Biondi  et  al, 

1970 ;  Sipler  and  Biondi,  1972;  Haslett  and  Megill,  1974] -  Two  quite 
distinct  effects  have  been  associated  with  the  F  region  electrons' 
absorption  of  the  radio  frequency  energy:  (l)  63OOA  intensity  suppression 
resulting  from  a  reduced  rate  of  dissociative  recombination  of  the 

heated  electrons  with  02+  ions  to  produce  the  O^D)  states  and  (2)  6300& 

0 

and  5577A  intensity  enhancement  produced  by  impact  excitation  of 
ground  state  0(3p)  atoms  to  the  0(4))  and  0(43)  states  by  fast  electrons 
(energies  >  2  and  4  eV,  respectively). 

The  results  of  the  optical  experiments  are  consistent  with 
theoretical  predictions  of  two  quite  different  electron  heating  mechanisms; 
(a)  ohmic  heating  ("deviative  absorption")  [Meltz  and  LeLevier,  1970] 
and  (b)  plasma  instability  electron  acceleration  [Perkins  and  Kaw,  1971]. 

In  the  former,  electrons  gain  an  oscillatory  velocity  in  the  rf  field 
which  is  randomized  at  collisions  with  ambient  neutrals  or  ions,  leading 
to  a  gain  in  mean  electron  energy.  In  the  latter  process  the  rf  fields 
are  sufficiently  intense  to  parametrically  excite  a  cascade  of  strong 
plasma  waves,  some  of  which  trap  and  accelerate  a  small  number  of  electrons 
to  suprathermal  (~  few  eV)  energies.  Since  the  ohmic  heating  affects  the 
whole  electron  energy  distribution,  a  pronounced  effect  on  the  dissociative 
recombination  rate  (which  decreases  with  increasing  electron  mean  energy) 


.tc  iMhIJ  1  p 


is  to  be  expected.  Conversely,  the  plasma  wave  heating  mechanism 
accelerates  only  a  small  fraction  of  the  electrons,  thereby  causing 


impact  excitation  by  these  fast  electrons  without  appreciably  reducing 
the  electron-ion  recombination  rate. 

Hie  initial  Ionospheric  Modifi cation  Experiments  (i.M.E.)  were 
carried  out  in  conjunction  with  the  Platteville,  Colorado  2  Mw  cw 
heating  transmitter,  where  the  principal  ionospheric  monitoring  instru¬ 
ment  was  a  Model  C3  Digital  Ionosonde  which  provided  electron  density 
profiles  as  a  function  of  altitude.  However,  simultaneous  electron 
temperature,  Te,  and  plasma  wave  scattering  data  are  also  required  in 
conjunction  with  the  optical  data  to  evaluate  the  relative  contributions 
of  ohmic  heating  and  plasma  wave  acceleration  to  the  ionospheric  electrons 
energy  gain.  Such  information  can  be  obtained  from  radar  backscatter 
measurements  such  as  are  routinely  obtained  at  the  Arecibo  Observatory 
in  Puerto  Rico.  Thus  we  have  used  our  optical  photometer  equipment 
in  support  of  a  series  of  I.M.E.  studies  at  Arecibo  to  search  for  and 
measure  nightglow  o300A  intensity  variations  produced  by  ionospheric 
electron  heating  .  The  heating  studies  are  under  the  direction  of 
W.  Gordon  of  Rice  University. 

Principle  of  the  Measurements 

The  principal  ionospheric  reactions  which  determine  the  form 
of  the  nightglow  intensity  suppression  and  enhancement  transients 
produced  by  I.M.E,  are 

k 

o+  +  o2  -  0  +  o2*  ,  (1) 

°2+  +  eslow  -  °*  +  ’  <2> 

and 

®  +  efast  ®  +  eslov  >  (3) 


where  the  asterisk  superscripts  denote  electronically  excited  states 
of  0  (e.g.,  and  ^S).  As  has  been  shown  previously  [Biondi  et  al, 
1970]  the  variation  of  the  dissociative  recombination  coefficient  a 
for  reaction  (2),  a  ~  should  cause  an  initial  decrease  in  63OOA 

nightglow  intensity  when  the  electron  temperature  is  raised  abruptly 
by  ohmic  heating,  followed  by  a  recovery  to  the  nightglow  level  due  to 
buildup  of  the  concentration  by  the  slow  charge  transfer  process, 
reaction  (l).  When  the  ohmic  heating  is  terminated,  a  transient  increase 
and  recovery  of  the  63OOA  intensity  is  predicted.  The  form  of  the 
intensity  suppression  transient  for  conditions  representative  of  the 
Arecibo  I.M.E.  is  shown  in  Fig.  la.  For  plasma  instability  electron 
acceleration,  the  sudden  creation  of  a  small  group  of  fast  electrons 
leads  to  a  6300A  intensity  increase  due  to  reaction  (3).  This  increase 
saturates  with  a  time  constant  appropriate  to  the  0(1d)  lifetime  at  the 
altitude  where  the  excitation  occurs  [Sipler  and  Biondi  1972].  The 
intensity  then  decays  to  the  unperturbed  nightglow  value  when  the 
electron  acceleration  ceases,  as  indicated  in  Fig.  lb. 

The  spatial-scanning,  dual-channel,  filter-photometer  used  to 
observe  the  630OA  and  background  (at  —  6333A)  nightglow  intensities  has 
been  described  in  detail  [ Sipler  and  Biondi,  1972].  For  the  Arecibo 
experiments  the  photometer  was  operated  either  pointed  directly  at  the 
spot  where  absorption  of  the  rf  energy  was  expected  (nearly  overhead  of 
the  modifying  transmitter)  or  in  a  3  x  3  element  search  pattern  centered 
on  this  point.  The  steps  in  the  search  pattern  weie  separated  by  ~  8° 
(the  photometer  field  of  view  is  6°),  and  the  dwell-time  per  step  was 
typically  2  seconds.  The  photometer  photomultipliers  were  operated  in 
a  pulse-counting  mode,  and  the  data  were  recorded  in  digital  form  on  g" 
magnetic  tape  and  in  analogue  form  (for  real-time  presentation)  on  a 

dual-channel,  Brush  chart  recorder. 
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Optical  observations  were  carried  out  at  the  Airglow  Observatory 
adjacent  to  the  Arecibo  1000*  diameter  parabolic  dish  antenna  (66°  45* 

W.  Long.,  18°  20*  N.  Lat.).  A  single  cw  heating  (or  modifier)  transmitter 
(nominal  maximum  output  ~  200  kw),  tunable  from  ~  4  -  10  MHz  fed  a  log- 
periodic  antenna  array  which  irradiated  the  1000'  dish  at  normal  incidence. 
The  halj -power  width  of  the  resulting  rf  beam  was  10°.  As  a  result  of 
the  presence  of  the  heating  antenna  the  435  MHz  backscatter  feed  antenna 
was  only  able  to  irradiate  the  dish  from  angles  exceeding  4.5°  from 
the  normal,  providing  maps  of  electron  temperature  and  of  plasma  line 
intensity  for  the  same  range  of  zenith  angles  [Gordon  et  al,  1971]. 


Results 

Attempts  to  detect  nightglow  intensity  variations  induced  by 
the  heating  transmitter  were  carried  out  periodically  during  1971  and 
19  In  the  early  experiments  the  maximum  rf  power  from  the  heater 
transmitter  never  exceeded  ~  100  kw,  and  no  clear  indications  of  63OOA 
intensity  suppression  or  enhancement  transients  were  obtained  during 
cycling  of  the  transmitter  on  and  off. 

The  first  successful  observations  of  intensity  transients  at 
Arecibo  were  obtained  during  the  May  1972  I.M.E.  series,  during  which 
heating  transmitter  power  outputs  of  ~  140  kw  were  attained,  in  a 

O 

post-midnight  clearing  period  on  20  May  1972,  a  very  weak  63OOA 
intensity  suppression  transient  was  observed  when  the  heating  wave 
was  propagated  in  X-raode  (circular  polarization  appropriate  to  the 
extraordinary  ray),  and  somewhat  stronger  intensity  enhancements  were 
observed  when  0-mode  (ordinary  ray)  propagation  was  used.  These 
observations  are  consistent  with  our  previous  results  obtained  during 
the  Platteville,  Colorado  I.M.E.  [Biondi  et  al,  1970;  Sipler  and 
Biondi,  1972]. 
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The  overall  data  f'or  the  latter  part  of  the  night  are  shown 
in  Fig.  2.  These  data  are  of  sligt cly  poorer  quality  than  those  obtained 
in  the  Platteville  studies,  owing  to  the  failure  of  the  magnetic  tape 
recording  head.  As  a  result  it  was  necessary  to  take  point-by-point 
readings  from  the  analogue  chert  records  (which  are  "folded-over"  any¬ 
where  from  3  to  4  times  to  expand  the  data  presentation  on  the  narrow, 

40  mm  width,  Brush  charts).  The  resulting  reading  accuracy  of  the 
intensity  data  is  ~  -  l/2$,  which  is  comparable  to  the  statistical 
fluctuations,  -  -/n/N ,  in  the  photon  counts  for  each  data  point. 

It  will  be  seen  from  Fig.  2  that,  at  0405  -  04l4  AST,  with  rf 
heater  power  levels  of  ~  137  kw  and  X-mode  propagation,  a  very  weak 
intensity  suppression  transient  (of  the  type  shown  in  Fig.  la)  was 
observed  when  the  photometer  was  pointed  at  that  region  of  the  ionosphere 
where  the  refracted  X-mode  ray  should  have  been  absorbed.  A  maximum 
excursion  of  ~  1.3$  in  the  intensity  transient  was  noted.  From 
04l4  AST  on,  with  similar  heater  power  levels  but  O-mode  propagation, 
weak  intensity  enhancements  (of  the  type  shown  in  Fig.  lb)  of  ~  6$ 
were  produced.  (The  photometer  was  repositioned  to  point  at  the  region 
of  the  ionosphere  where  the  refracted  O-mode  ray  should  have  been 
absorbed.)  The  sharp  rise  in  the  mean  value  of  the  intensity  after 
~  0455  AST  is  the  pre-dawn  63OOA  enhancement. 

As  a  result  of  the  failure  of  our  magnetic  tape  recording  system, 
the  absolute  intensity  calibration  of  our  photometer  counting  rates  by 
means  of  our  low-brightness,  standard  source  was  lost.  Instead  we 
calibrated  our  photometer  readings  of  20  May  1972  against  the  absolute 
intensity  values  of  W.  Wickwar,  who  was  simultaneously  carrying  out 
63OQA  observations  in  the  Arecibo  experiments. 


Hie  change  in  background  nightglow  63OOA  intensity  which  is 
apparent  in  Fig.  2  was  removed  from  the  data  by  means  of  a  least-square 
fit  of  a  six-parameter  polynomial  to  the  asymptotic  values  which  the 
intensities  approached  during  the  off-cycles  of  the  heating  transmitter. 
Examples  of  the  deduced  intensity  enhancements  resulting  solely  from 
the  I.M.E.  are  shown  in  Fig.  3*  While  these  transients  clearly  show 
the  buildup  of  the  63OOA  intensity  to  a  new  equilibrium  value  during 
the  heating  pulse  and  the  decay  back  towards  the  nightglow  value 
following  termination  of  the  heating,  the  uncertainties  in  the  asymptotic 
values  which  the  intensities  are  approaching  make  determination  of  the 
time  constants  [the  O(^-D)  effective  lifetimes]  rather  difficult. 

Discussion 

Hie  radar  backscatter  and  ionosonde  records  [Carlson  and  Gordon, 
1974]  show  that  on  20  May  1972  f0F2  remained  nearly  stationary  at  8.5  MHz 
from  0400-0500  AST,  and  the  peak  of  the  F-layer  drifted  slowly  downward 
from  ~  310  km  to  ~  285  km  during  this  period.  Further,  the  enhanced 
plasma  line  height  data  indicate  that  the  heating  wave  at.  7.63  MHz  was 
absorbed  at  correspondingly  decreasing  heights  of  ~  285  to  ~  26l  km 
during  the  same  period. 

Hie  heating  wave  power  densities  in  the  Arecibo  experiments 
(140  kw,  10°  beam  width)  are  approximately  l/5  the  values  attained  at 
Platteville,  Colorado  (1.8  Mw,  16°  beam  width).  Thus,  for  ohmic  heating 
the  calculated  electron  temperature  rises  should  be  substantially 
reduced  from  the  ~  40$  values  expected  a.t  Platteville  [Meltz  and  LeLevier, 
1970] .  During  the  X-mode  heating  from  0405-0410  AST  the  observed 
excursion  in  the  intensity  suppression  of  ~  1.3$  is  indicative  of  a 
ATg  ~  95  K  (using  the  backscatter  value  Teo  =  840  K  and  the  model 


parameters  indicated  in  Fig.  la).  At  260  km  (the  observation  altitude 
closest  to  the  absorption  height)  Te  reached  a  value  of  970  K  during 

o 

the  0405-04l0  AST  heating  period.  Thus  the  63OOA  suppression  is  serai - 
quantitatively  accounted  for  by  the  ohmic  heating  model  when  X-mode 
propagation  is  employed. 

One  of  the  main  objectives  of  the  Arecibo  I.M.E.  was  to  determine 
whether  the  observed  increases  in  Te  (measured  by  backscatter)  could 
account  for  the  63OOA  intensity  enhancements  produced  by  0-raode  heating. 
As  shown  in  detail  previously  [Sipler  and  Biondi,  1972],  using  a 
reasonably  accurate  model  of  the  F  region  one  can  calculate  the  electron 
temperature  required  to  produce  a  given  63OOA  intensity  enhancement 
resulting  from  impact  excitation  of  oxygen  atoms  by  electrons  in  the 
tail  of  the  Maxwellian  distribution.  The  results  of  the  calculation 
for  Arecibo  conditions  are  given  in  Fig.  4.  From  Te  maps  obtained 
during  previous  Arecibo  I.M.E.  [Gordon  et  al,  1971]  the  heated  region 
appears  to  extend  over  ~  20-50  4m  in  altitude,  Thus  for  an  emitting 
layer  of  this  thickness  an  electron  temperature  of  ~  1800  K  would  be 
required  to  account  for  our  observed  ~  6  R  enhancement. 

During  the  0-mode  heating  the  measured  Te  values  at  260  km 
(near  or  in  the  absorption  region  during  the  period  0415-0500  AST) 
ranged  from  ~  940  to  1110  K.  Thus  the  present  results  show  that  ohmic 
heating  (deviative  absorption)  clearly  fails  to  provide  enough  energetic 
electrons  to  excite  the  630OA  intensity  enhancements.  To  reconcile  the 
radar  backscatter  data  and  the  optical  data  it  seems  necessary  that 
the  0-raode  heating  provide  an  acceleration  mechanism  for  a  small  fraction 
of  the  ambient  ionospheric  electrons  which  provides  them  with  substantial 

O 

energies  (>  2  eV  ,  the  63OOA  excitation  threshold).  If  this  were  not 
so,  the  backscatter  would  indicate  a  s  >ngly  non-Maxwellian  distribution. 
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We  shall  dif  '-uss  the  O-mode  electron  acceleration  mechanism  further  in 
the  next  section. 

In  the  Platteville  I.M.E.  the  relatively  strong  6300A  intensity 
enhancements  permitted  reasonably  accurate  determinations  of  the  0(-*-D) 
lifetimes  [Sipler  and  Biondi,  1972].  To  compare  these  measured  lifetimes 
with  calculated  values  [  based  on  the  O^D)  quenching  rentes  at  the 
emitting  altitude]  the  rf  energy  absorption  height  must  be  known.  At 
Platteville,  this  height  was  indirectly  inferred  from  wide  beam  ionosonde 
plasma  frequency  measurements  and  the  heating  transmitter  frequency. 

By  way  of  contrast,  in  the  Arecibo  experiments  very  accurate 
energy  absorption  heights  are  provided  by  the  backscatter  enhanced- 
plasma-line  data.  However,  for  many  of  the  63OOA  enhancements  the  time 
constant  determinations  were  rather  poor  as  a  result  of  uncertainty  in 
the  asymptotic  value  which  the  intensity  was  approaching.  Thus  we  have 
used  only  the  best  63OOA  time  constant  data  to  compare  with  the  calculated 
O(^-D)  lifetimes. 

The  O^D)  lifetimes  at  the  energy  absorption  heights  are  calculated 
using  Ng  and  Og  concentrations  obtained  from  two  representative  atmospheric 
models,  the  1966  Standard  Atmosphere  (SA  66)  [U.S.  Standard  Atmosphere 
Supplements,  1966]  and  Jacchia'w  1?71  model  (J71)  [jacchia,  197l] •  Values 
of  the  quenching  coefficients,  \ (';%•'  -  6  x  10"1*  cm^/sec  and  k(0^~  k  (Ng) , 
are  used  which  are  consistent  both  with  our  previous  determinations  from 
the  Platteville  I.M.E.  and  with  extrapolation  to  840  K  of  laboratory 
data  at  300  K  [Clark  and  Noxon,  1972;  Young  et  al,  1968]. 

A  comparison  of  the  observed  and  calcu.  (^D)  lifetimes  is 

given  in  Fig.  5.  The  error  limits  on  each  data  point  arise  in  large  part 
from  uncertainty  in  the  6300A  intensity's  asymptotic  value;  with  time 
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constant  j  of  ~  35-55  sec  for  the  transmitter  !,on"  cycles,  the  100  second 
"on"  periods  are  a  bit  short  for  reaching  the  asymptotic  values.  The 
problem  is  even  more  severe  for  the  180  sec  transmitter  "off"  periods, 
where  the  decay  time  constants  appear  to  range  around  ~  75  sec.  In  order 
to  obtain  the  time  constants  in  these  cases,  the  data  points  were  fitted 
to  an  equation  of  the  form  I  =  A  +  B  exp(-t/T).  An  initial  estimate  of  A 
was  made  end  subtracted  from  the  data.  The  modified  data  were  fitted  to 
the  exponential  B  exp(-t/r).  The  parameter  A  was  varied  by  a  small  amount 
*  e  and  new  exponential  fits  obtained.  Hie  sums  of  squares  of  the  devia¬ 
tions  of  the  data  from  these  three  fits  were  then  fitted  to  a  parabola, 
whose  minimum  was  used  to  obtain  a  new  estimate  of  A.  Repetition  of  the 
foregoing  fitting  procedure,  this  time  with  smaller  variations  -  s' ,  gave 
three  new  fits  to  the  data,  from  which  a  new  correction  to  A  was  determined. 
This  iterative  fitting  process  converged  after  three  or  four  applications 
to  yield  our  best  determinations  of  the  "off"  time  constants,  t,  which 
are  plotted  in  Fig.  5 

It  will  be  seen  from  Fig.  5  that  the  63OOA  intensity  buildups 
during  the  transmitter  "on"  periods  yield  time  constants  which  lie  rather 
closer  to  the  predictions  obtained  from  the  SA  66  model  atmosphere  than  to 
those  from  the  J71  model.  Ihe  measured  decay  time  constants  during  the 
transmitter  "off"  periods  are  almost  a  factor  of  two  larger  than  the  "on" 
values  and  lie  consistently  above  the  predictions  from  either  model. 

Hie  agreement  between  the  O(^-D)  lifetimes  inferred  from  the  "on" 
transients  and  the  calculated  values  (within  the  uncertainties  in  both 
the  experimental  determinations  and  in  the  molecular  quenchant  densities 
obtained  from  the  model  atmospheres)  again  supports  an  F-region  quenching 
coefficient,  k(l^),  between  6  and  8  x  10“^  cm^/sec,  which  is  a  reasonable 
extrapolation  of  the  laboratory  (300K)  value.  The  inferred  lifetimes 


11 


show  at  most  a  slight  decrease  in  value  during  the  observing  period 
(0414  -  0500  AST).  During  this  time  the  energy  absorption  height  decreased 
sufficiently  (from  28l  to  26l  km)  to  lead  to  prediction  of  a  substantial 
(~  l/3)  decrease  in  the  OC^D)  lifetimes.  Thus,  improvements  in  the 
accuracy  of  our  intensity  enhancement  time  constants  are  needed  to  determine 
the  altitude  dependence  of  the  0(J-D)  lifetimes. 

We  have  no  good  explanation  for  the  systematically  longer  time 
constants  in  the  transmitter  “off"  cases;  we  simply  note  that  these  values 
are  quite  close  to  the  maximum  values,  65-85  sec,  obtained  in  the 
Platteville  observation.';  [sipler  and  Biondi,  1972].  The  longer  time 
constants  do  suggest  that  some  portion  of  the  O^D)  excitation  takes 
place  at  altitudes  significantly  higher  than  the  electron  acceleration 
height  (the  enhanced  plasma  line  height).  In  our  mapping  of  the  enhanced 
6300A  regions  over  Platteville  we  have  also  observed  effects  which 
suggest  0(3-D)  excitation  at  altitudes  significantly  greater  than  the  rf 
absorption  height;  the  results  of  these  observations  will  be  published 
shortly. 

Conclusions 

The  initial  objectives  of  the  Arecibo  I.M.E.  series  have  been 

O 

realized;  we  have  detected  mollifications  in  the  63OOA  nightglow  intensity 
produced  by  absorption  of  rf  power  in  the  F  region.  The  effects  are,  at 
present,  very  weak  owing  to  the  smaller  rf  power  densities  attained  at 
Arecibo  compared  to  those  at  Platteville,  Colorado.  It  is  to  be  expected 
that  the  amplitude  of  the  63OOA  intensity  suppression  signals  produced 
by  ohmic  heating  (X-mode  propagation)  will  be  reduced  in  more  or  less 
direct  proportion  to  the  reduction  in  power  density;  thus  our  observation 
of  a  very  feeble  suppression  transient  is  consistent  with  theoretical 
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predictions.  However,  the  predicted  "threshold"  behavior  of  the  O-mode 
plasma  instability  acceleration  mechanism,  as  confirmed  by  our  obser¬ 
vation  at  Platt evil le  of  a  ~  70$  decrease  in  6300A  intensity  enhancement 
(from  38  to  11R)  for  a  ~  24$  reduction  in  rf  power  density  [Sipler  and 
Biondi,  1972] ,  suggested  that  intensity  enhancements  at  Arecibo  (with 
~  20$  of  the  Platteville  power  densities)  should  be  unobservable.  The 
clear  observation  of  intensity  enhancements  at  these  low  rf  power 
densities  is,  therefore,  a  fact  which  an  adequate  theory  of  the  electron 
acceleration  mechanism  must  explain. 

The  most  important  result  of  the  simultaneous  optical  and  radar 
backscatter  observations  of  the  modified  ionosphere  over  Arecibo  is  the 
demonstration  that,  in  addition  to  ohmic  heating,  some  other  electron 
acceleration  mechanism  must  be  active  when  0-mcde  propagation  is  employed. 
The  observed  increases  in  Te  are  far  too  small  to  account  for  the  63OOA 
intensity  enhancements.  However,  to  provide  the  O^D)  excitation  without 
appreciably  distorting  the  Maxwellian  electron  energy  distribution,  the 
mechanism  must  accelerate  only  a  snail  fraction  of  the  electrons  to 
excitation  energies  (>  2  eV). 

Simple,  non-linear  Landau  damping  of  plasma  waves  excited  by  the 
rf  wave  [Perkins  and  Kaw.  1971]  does  not  seem  to  provide  sufficient 
energy  to  the  electrons.  More  recently,  a  theory  has  been  proposed 
[Weinatock  and  Bezzerides,  1974]  which  leads  to  stochastic  acceleration 
of  electrons  by  unstable  Langmuir  waves  to  ~  10  times  their  ambient, 
thermal  velocities  (to  energies  of  ~  5  eV).  A  sufficiently  intense  rf 
heating  wave  excites  a  parametric  instability  in  the  ionospheric  plasma 
Which  in  turn  generates  the  Langmuir  waves.  This  theory  is  also  consistent 
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with  laboratory  studies  of  anomalous  microwave  absorption  by  plasmas 
[Dreicer  et  al,  1973]  which  indicate  an  electron  velocity  distribution 
with  the  required,  small  ''hot"  electron  component. 

Future  I.M.E.  at  Arecibo  are  being  planned  under  the  general 
supervision  of  W.  E.  Gordon  with  a  view  to  reaching  substantially  higher 
rf  power  densities  and  therefore  producing  more  pronounced  optical  and 
rf  backscatter  effects. 

The  authors  are  indebted  to  H.  C.  Carlson,  W.  E.  Gordon  and 
V.  Wickwar  and  their  colleagues  for  making  available  their  data  prior 
to  publication. 
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Figure  Captions 

O 

Fig.  1  Calculated  63OOA  intensity  transients  [Biondi  et_al,  1970 ; 

Sipler  and  Biondi,  1972]  for  Arecibo  20  May  1972  F  region 
conditions;  Td  a  (l/ome)  =  21  sec,  t(-'-D)  =  73  sec. 

(a)  Intensity  suppression  transient  resulting  from  changes 
in  the  electron-ion  recombination  rate  for  ATe/ Te  =  11$. 

(b)  Intensity  enhancement  transient  resulting  from  impact 
excitation  of  oxygen  atoms  by  fast  electrons. 

Fig.  2  Measured  63OOA  intensity  during  the  20  May  1972  I.M.E.  The 

points  represent  10  point  averages  of  the  data  (taken  at  1  sec 
intervals)  to  reduce  statistical  fluctuations.  The  heating 
wave  frequency  was  f  =  7*63  MHz  and  the  heater  power  ranged 
between  136  and  142  kw. 

Fig.  3  Measured  63OOA  intensity  enhancement  and  decay  during  the 

20  May  1972  Arecibo  I.M.E.  Ohe  ambient  nightglow  contribution 
has  been  removed  from  the  data  -  see  text.  Points  represent 
5  point  averages  of  the  data  (taken  at  1  sec  intervals).  The 
solid  lines  represent  fits  to  the  data  of  theoretical  curves 
whose  exponential  factors  involve  time  constants  Ton  =  36  sec 
and  T0ff  =  72  sec. 

Fig.  4-  Calculated  63OOA  intensities  as  a  function  of  the  electron 

temperature  for  impact  excitation  of  oxygen  atoms  in  a  layer 
centered  at  275  km  for  various  excitation  layer  thicknesses. 

A  Chapman  layer  with  an  electron  density  at  the  F2  peak, 
ne  =  6  x  10^  cffi-3,  and  a  Jacchia  [1971]  model  atmosphere  were 
used  to  characterize  the  20  May  1972  conditions  over  Arecibo 
[see  Sipler  and  Biondi,  1972]. 


Comparison  of  the  O(^-D)  lifetimes  determined  from  the  63OOA 
intensity  transients  (open  circles  =  transmitter  on  cycles, 
open  triangles  =  transmitter  off  cycles)  with  calculated 
lifetimes.  Calculations  are  based  on  a  quenching  coefficient 
k(N2)  =  6  x  10“ cm^/sec,  the  measured  energy  absorption 
altitudes  (top  of  figure),  and  molecular  densities  from  the 
SA6 6  (x  symbols)  and  the  J71  (solid  dots)  model  atmospheres. 
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